Phylogenetic analyses of genes with demonstrated involvement in evolutionary transitions can be an important means of resolving conflicting hypotheses about evolutionary history or process. In sunflower, two genes have previously been shown to have experienced selective sweeps during its early domestication. In the present study, we identified a third candidate early domestication gene and conducted haplotype analyses of all three genes to address a recent, controversial hypothesis about the origin of cultivated sunflower. Although the scientific consensus had long been that sunflower was domesticated once in eastern North America, the discovery of preColumbian sunflower remains at archaeological sites in Mexico led to the proposal of a second domestication center in southern Mexico. Previous molecular studies with neutral markers were consistent with the former hypothesis. However, only two indigenous Mexican cultivars were included in these studies, and their provenance and genetic purity have been questioned. Therefore, we sequenced regions of the three candidate domestication genes containing SNPs diagnostic for domestication from large, newly collected samples of Mexican sunflower landraces and Mexican wild populations from a broad geographic range. The new germplasm also was genotyped for 12 microsatellite loci. Our evidence from multiple evolutionarily important loci and from neutral markers supports a single domestication event for extant cultivated sunflower in eastern North America.
any genetic changes essential for crop evolution have been identified, and these alleles provide useful tools for inferring how, where, and when early societies transformed wild plants into agricultural staples (1, 2) . Examining sequence diversity of these alleles in cultivated lineages, wild progenitors, and archaeological specimens can reveal critical information about the rate, timing, geography, and order of the domestication process (3) . For instance, sequences of domestication loci obtained from archaeological maize cobs indicated that although domestication alleles for two traits became fixed early, fixation of domestication alleles for a third trait occurred several thousand years later (4) . Patterns of sequence diversity around domestication alleles have yielded estimates of the strength of selection during domestication for several loci in rice and maize (5) (6) (7) . In addition, the geographic distributions of domestication alleles in extant cultivated and wild germplasm have been used to assess how crops and crop alleles have spread from domestication centers and reveal whether convergent traits in independent lineages evolved from the same or unique suites of mutations (5, (8) (9) (10) (11) .
Here, we examine three genes that experienced selective sweeps during early domestication of sunflower, Helianthus annuus, to address a recent controversy about the number and location of sunflower domestication centers (12) (13) (14) (15) (16) (17) . Molecular, archaeological, and linguistic evidence has long supported the presence of a domestication center in eastern North America (ENA) (16) . However, pre-Columbian archaeological finds at several sites in southern Mexico have suggested the possibility of a second independent domestication center and challenged the view that domesticated sunflower reached Mexico only after introduction by Spanish traders (14, 15, 17, 18) . The archaeological evidence suggests two possible alternative explanations: an independent origin of domesticated sunflower in Mexico or dispersal to Mexico through trade routes established before Spanish colonization. The identification and significance of the archaeological remains, the historic record, and modern linguistic evidence have been debated heavily (16, 17, (19) (20) (21) (22) (23) (24) (25) (26) . Previous molecular studies using neutral nuclear and chloroplast DNA markers have indicated that extant Mexican landraces are descended from the same lineage as ENA landraces, suggesting that if an independent Mexican lineage evolved, it did not contribute to modern cultivated sunflower germplasm (27, 28) . However, the provenance and genetic purity of the two Mexican landrace samples included in those studies have been questioned. In addition, few Mexican wild H. annuus populations were included in these analyses.
We have made new, extensive collections of Mexican wild sunflowers and domesticated cultivars grown by indigenous Mexican populations. Sequencing genes demonstrated to have experienced selective sweeps during domestication in ENA provided an opportunity to test whether extant Mexican landraces descended from the same or a unique lineage. In particular, if domesticated sunflower reached Mexico through trade routes from the North, we predicted that ENA and Mexican landraces would share the same haplotypes at these genes. If two independent domestication events occurred in isolation, it is highly unlikely these parallel events would have selected for the same causative mutations arising on the same haplotype backgrounds at multiple loci (8) (9) (10) . In addition, the presence of the domesticated haplotype in ENA wild populations and its absence from wild Mexican populations would exclude the possibility of a parallel selective sweep from equivalent standing variation.
Two strong candidate early domestication genes in sunflower have been described. A genomic screen found that sequence diversity in the gene c4973, a chorismate synthase homolog involved in aromatic amino acid synthesis, is significantly reduced in North American landraces relative to its sequence diversity in neutral loci (29) . HaFT1, a homolog of the floral inducer FLOWERING LOCUS T, shows a similar signature of a selective sweep during early domestication (30) . Although this evidence indicates that the genomic regions containing these genes reflect a history of recent selection, we describe these genes as candidate domestication genes because additional work is required to distinguish whether they or other tightly linked loci carry the specific muta- tions responsible for domestication traits and targeted by selection. Notably, however, several lines of genetic and functional evidence have provided strong support for a frameshift mutation in the domesticated allele of HaFT1 as the likely causative mutation that responded to selection through its effects on flowering time or head diameter (30) . Here, we identify a third candidate early domestication gene and show that patterns of diversity in these genes, as well as 12 neutral markers, in Mexican landraces and wild H. annuus are consistent with all extant landraces originating from a single domestication center in eastern North America.
Results

Selection on Gibberellin 2-Oxidase Homolog HaGA2ox During Early
Domestication. An 885-bp portion of the gibberellin 2-oxidase homolog HaGA2ox was examined as part of an ongoing study of a genetic diversity panel from the United States and Canada (31) . This panel included 18 individuals from improved modern crop lines, 19 individuals from Native American landraces, and 23 individuals from a geographically diverse sample of wild sunflower populations (Table S1 ). Six Helianthus argophyllus individuals also were sequenced to obtain divergence estimates. Average pairwise nucleotide diversity (π) in HaGA2ox was much reduced in domesticated and improved lines relative to neutral loci, similar to previous observations for HaFT1 and c4973 (Fig.  1 ). Only two haplotypes-distinguished from each other by two SNPs-segregated in Native American landraces ( Fig. 2A) . Improved lines were fixed for the major landrace haplotype, and this haplotype was present only at minor frequency in wild populations, indicative of a selective sweep (Table 1 ). All coding substitutions along the branch distinguishing the domesticated and wild haplotypes were synonymous changes. A maximumlikelihood Hudson-Kreitman-Aguadé (HKA) test, which compares the likelihood of a neutral evolutionary model of polymorphism and divergence with the likelihood of a model in which a candidate gene is under selection, was conducted for HaGA2ox and seven previously sequenced putative neutral loci (31, 32) . Although HaGA2ox was found to be evolving neutrally in wild populations (P = 0.9748), there were significant signatures of a selective sweep in the landrace (P = 0.0032) and improved pools (P = 0.0002). (Table  S2) . Wild specimens were obtained from habitats in all states of Mexico north of Veracruz. Detailed collection procedures and complete morphological descriptions of Mexican landrace achenes can be found in ref. 33 . In addition to the genetic affinities of sunflower, we were interested in learning more about how this diverse crop was used by Native Americans in Mexico. Accordingly, we interviewed numerous representatives of indigenous peoples in their homes and fields. Cultivars used in this study were collected from the Tarahumara in Chihuahua, the Nahua in Guerrero, the Tzeltal in Chiapas, and the Mixe in Oaxaca. One domesticated collection was obtained from Mennonites living in Chihuahua who had emigrated recently from Canada and likely brought their sunflower germplasm with them. We next examined sequence diversity of HaGA2ox, HaFT1, and c4973 in 21-31 individuals from the 16 Mexican landrace collections and 57-76 individuals from 15 geographically diverse Mexican wild populations (Table S2 and Fig. 3 ). For HaGA2ox and c4973, we fully sequenced the same portions previously sequenced from ENA accessions. Although we sequenced the HaFT1 haplotype from all Mexican landraces, we genotyped the HaFT1 allele in wild populations because the putative causal frameshift mutation in the domesticated allele of HaFT1 creates an easily diagnosed restriction site polymorphism. As would be expected if the extant ENA and Mexican landraces are descended from a single domestication event, the Mexican landraces were fixed for the same major domesticated haplotype for HaGA2ox ( Fig. 2A and Table 1 ). Although present at minor frequency in ENA wild populations, this haplotype was not observed in wild Mexican populations.
Nearly the same results were observed for HaFT1. All but one haplotype sequenced from Mexican landraces contained the frameshift allele (Fig. 2B and Fig. S1 ). Although the frameshiftcontaining domesticated allele does segregate at minor frequency in wild populations from Oklahoma, this allele was not found in any Mexican wild individuals, an observation inconsistent with a parallel sweep from standing variation in Mexico (Table 1) . We predicted that the single Mexican wild haplotype present in the Mexican landraces is the result of a recent hybridization event. If true, then nearby genes also should segregate for one American domesticate-like allele and one Mexican wild-like allele, because adequate time will not have passed to break down linkage disequilibrium between alleles in closely linked genes. We sequenced portions of HaFT2 and HaFT3, which are within 2.7 cM of HaFT1 (30), from this individual and observed this predicted pattern. For both genes, one allele exactly matched the major al- Fig. 2 . Median-joining haplotype networks for three candidate early domestication genes, HaGA2ox (A), HaFT1 (B), and c4973 (C). ENA domesticated and ENA wild are the ENA landraces and American and Canadian wild populations, respectively. MX domesticated and MX wild are the Mexican landraces and Mexican wild populations, respectively. The number of substitutions along a branch is shown for branches with more than one substitution. lele in improved lines and ENA landraces. The other allele at each locus was similar to alleles in ENA wild populations but contained one or more unique SNPs, likely indicative of Mexican derivation.
Although the results of HaFT1 and HaGA2ox sequencing were completely consistent with a single origin of extant domesticated sunflower, the results for c4973 did not distinguish unambiguously between the single-and multiple-origin scenarios. As for the other two genes, the haplotype distribution is disjunct, with most wild sequences forming one cluster and most domesticated sequences forming a second cluster (Fig. 2C) . Two haplotypes, which differ from each other by only a single SNP, were at high frequency in Mexican landraces. One of these two haplotypes was fixed in our sample that included previously collected data from a small set of ENA domesticates (29) and additional sequencing we conducted on the landraces in our own diversity panel (Fig. 2C and Table 1 ). Wild haplotypes also were observed to segregate at minor frequency in the Mexican landraces, possibly indicating recent hybridization as observed for HaFT1. Notably, both domesticated haplotypes were found in wild populations from both regions, meaning a parallel selective sweep from standing variation in Mexico cannot be excluded. The domesticated alleles were present at higher frequency in American wild populations, however (Table 1) , and these alleles were found in populations from the eastern and northern United States. Thus, ENA is more likely to be the geographic source of these domesticated alleles.
Ancestry Assignment with Neutral Markers. Under certain evolutionary scenarios, incongruities may arise between domestication gene trees and lineage histories because a domestication allele that contributes to desirable phenotypes may be bred from one lineage into an independent lineage through hybridization and selective breeding (5, 6, 11) . Therefore, to determine ancestry and corroborate our findings with neutral markers, we genotyped our new, more thorough collections from Mexico for 12 microsatellite loci that had been scored previously on a large set of ENA cultivars and wild populations (27) . As expected, domesticated lines contained a subset of the diversity present in wild populations, with the exception of two cultivar-specific alleles present in both ENA and Mexican domesticates (Table S3 ). In addition, although several alleles present in ENA wild populations but not in Mexican wild populations segregated in domesticates from either or both regions, only one allele observed in one Mexican domesticated individual was found solely in wild individuals from Mexico (Table S3 ). The estimation of the ancestral provenance of ENA and Mexican landrace samples-as performed in the program Structure through analysis of multilocus genotypes (34)-yielded a clear, unequivocal result. All Mexican and ENA cultivars clustered with the ENA wild samples and not with the Mexican wild samples (Fig. 4) , consistent with the results from the three selected loci. For the Mexican landraces, the proportion of genotype with ancestry assigned to the ENA-wild group was >0.96 in all cases.
Discussion
Taken together, the findings from three candidate domestication loci and additional neutral markers indicate that domesticated sunflowers grown in Mexico today are descended from the same cultivated genetic lineage as ENA domesticated sunflower. All ENA and Mexican landraces shared the same divergent HaGA2ox haplotypes that, although observed in ENA wild populations, never were present in Mexican wild populations. Although the signature of a selective sweep on HaGA2ox could also be explained by selection acting on a closely linked locus, this enzyme is an attractive candidate for the actual target of selection. Gibberellin 2-oxidases convert gibberellins from active to inactive forms and in doing so act to regulate seed development, delay germination, and promote dwarfism (35) (36) (37) (38) . Reduced seed dormancy and increased plant biomass have been selected for strongly during domestication of many crops (39) , and this pressure may have driven evolutionary changes affecting HaGA2ox expression or activity. We are planning future genetic studies to look at the functional evolution of this gene during sunflower domestication.
HaFT1 exhibited the same pattern as HaGA2ox, except for a single Mexican cultivar that was heterozygous for a Mexican wild allele because of a recent hybridization event. Since c4973 domesticated alleles segregate in both ENA and Mexican wild populations, the possibility of a parallel selective sweep on the same allele cannot be excluded. Nevertheless, the higher frequency of domesticated alleles in ENA wild populations suggest that the eastern United States is the more likely geographic source. The low frequency of these alleles in Mexican wild populations and the low frequency of wild alleles in Mexican landraces may have resulted from recent hybridization, as seen with HaFT1. An intriguing alternative explanation for the latter pattern may be that the selective sweep at c4973 was incomplete when cultivated sunflower was dispersed southward to Mexico. If true, then this result would further support an early introduction of cultivated sunflower to Mexico and indicates that, as more domestication alleles and their functions are identified, it may be possible to time selective events as pre-and postdispersal, allowing trait evolution to be ordered relative to this chronological benchmark. Finally, the ambiguous findings with c4973 could also have resulted from altered selection pressures on the domesticated haplotype in Mexico or because c4973 is not an actual domestication gene but is tightly linked to one.
Although these three genes and neutral markers exhibit patterns of variation in concordance with a single-origin scenario for extant cultivated sunflower, the possibility of multiple origins cannot be discounted fully. For instance, despite thorough searching (by R.A.B. and D.L.L.), it is possible that we were unable to locate modern domesticates descended from an independent Mexican lineage. Also, although the data presented herein are more consistent with a single origin and dispersal before the arrival of Spanish explorers (40), our findings do not invalidate the possibility that a separate center of sunflower domestication in Mexico did indeed occur during the preColumbian period. An ancient lineage may not be represented in modern germplasm because no descendants of the hypothesized independent Mexican lineage have survived. Although current evidence from archaeological deposits in ENA and Mesoamerica indicate that ancient Mesoamericans cultivated sunflower before the advent of the Spanish in the region, more discoveries will be needed before a full understanding of the trajectory of sunflower crop development in Mesoamerica and ENA emerges.
Lack of modern descendants from a possible independent lineage raises the question of how descendants of that lineage may have gone extinct. It has been suggested that colonial Spanish Christians may have tried to eliminate sunflower because of its important symbolic role in the religious rituals of the solar-worshipping Aztecs and other Native American cultures (17) . Alternatively, native domesticates in Mexico may have been replaced much more recently by a substantial influx of seed imports made possible by the North American Free Trade Agreement.
Although the majority of the Mexican archaeological sunflower discoveries were destroyed for radiocarbon dating, archaeological studies at sites throughout Mexico likely will yield additional samples. Furthermore, new sequencing technologies have made ancient DNA studies increasingly successful means of revealing genealogical and phenotypic characteristics of extinct lineages (4, 8, (41) (42) (43) (44) (45) (46) . Studies of these and newly identified domestication genes in DNA isolated from archaeological plant remains discovered in ENA and Mexico promise to yield even further insight into the timing and geography of sunflower domestication.
Materials and Methods
DNA was extracted from leaf tissue using DNeasy 96 Plant or Plant Mini Kits (Qiagen). Portions of HaFT1, HaGA2ox, and c4973 were amplified by PCR and sequenced using gene-specific primers (Table S4 ) from Mexican cultivars and wild Mexican individuals (Table S2) . HaGA2ox also was sequenced on the entire American and Canadian diversity panel (Table S1 ). We included previously published HaFT1 (30) and c4973 (29) sequences from American and Canadian H. annuus domesticated and wild populations and H. argophyllus (Table S5) . Because c4973 had been sequenced previously only on a small sample of American landraces, we obtained additional sequences from our diversity panel to sample c4973 sequence diversity more thoroughly in North American landraces (Tables S1 and S5 ). Sequence data for seven putative neutral loci were obtained for a previously published study of this diversity panel (Table S5 ) (31) . HaFT1 PCR products were digested with BstEII to genotype individuals for the frameshift mutation nearly fixed in domesticated haplotypes.
For heterozygous individuals, PCR products were cloned (TOPO TA Cloning; Invitrogen), and multiple clones per individual were sequenced using T7/ T3 or M13F/M13R primers. Cloned sequences were compared with each other and with sequencing reads from the initial PCR product to ensure that both haplotypes were captured and to eliminate sequence errors introduced by PCR and cloning. Median-joining haplotype networks were constructed with Network 4.5.16 (Fluxus Technology). For all genes, insertion/deletion polymorphisms were recoded as SNPs, and a complex intronic region of nested insertion/deletion polymorphisms was excluded from analysis of HaGA2ox.
Average pairwise nucleotide diversity (π) was calculated using DnaSP (47) . The program MLHKA (32) was used to conduct the maximum-likelihood HKA tests for HaGA2ox. A likelihood-ratio test was conducted to compare the likelihood of a neutral model and the likelihood of a model in which HaGA2ox was under selection. Separate tests were performed for improved, domesticated American landraces and American wild samples to determine the timing of selection.
Landraces and wild population samples from Mexico and ENA were genotyped with 12 microsatellite loci (Tables S1, S2, and S4) that had been scored previously on another panel of domesticated and wild H. annuus (27) . PCR amplification, fragment separation by capillary electrophoresis, and fragment length scoring were conducted as previously described (48) . Data were combined with genotypes from ref. 27 using one to five overlapping samples to assure that allele assignments in each data set were congruent. The ancestry of H. annuus cultivated individuals and the composition of their genotype was evaluated with a Bayesian clustering method, as implemented in Structure v. 2.3.3 (34, 49) . Two ancestral source clusters were identified by ref. 27: (i) a group including all Mexican and Arizonan wild populations (MX Wild) and (ii) a group of central United States populations (ENA Wild). Ten independent simulations were performed using the same parameters and prior assumptions as in ref. 27 . Results were formatted with HARVESTER v. 0.6.6 (http://taylor0.biology.ucla.edu/structureHarvester/) and permuted with CLUMPP v. 1.1.2 (50) . The final matrix of estimated ancestry coefficients was visualized with DISTRUCT v. 1.1 (51) .
